Foul weather conditions can lead to corona discharges on high voltage overhead transmission lines which are perceivable as an audible broadband crackling and hissing noise. In such situations this noise is often accompanied by a humming noise at twice the mains frequency (2f ).
Introduction
Protrusions such as particles due to pollution [1] or water drops, snow or ice [2] on the conductors of high voltage overhead lines may increase the electric field strength in the vicinity of the conductors to reach values where corona discharges set in.
Situated mainly in the frequency range of one up to several kilohertz, these corona discharges are perceivable in part as a broadband crackling and hissing noise. In such situations, this noise is often accompanied by an additional component of a low tone at twice the mains frequency (2f ) and some of its higher harmonics [3] .
The different sensitiveness of the human ear towards sounds of different frequencies is taken into account by the A-weighted noise level. Because of the considerable reduction of low frequencies by the A-weighting, the 2f -component contributes only marginally to the overall A-weighted noise level. But as the human ear generally perceives tonal noise as more annoying than a stochastic signal of the same strength [4] and as the 2f -component of the audible noise is less attenuated by building structures owing to its low frequency, the 2f -immission may nevertheless annoy residents near such transmission lines.
In some of the vast amount of literature on audible noise from corona, the 2f -component was noted passim [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, as it only contributes a minor share to the A-weighted level, the low-frequency tonal noise went largely unnoticed or uncommented. More detailed observations on the 2f -emission originate from experiments on short conductorsamples [3, 14, 15] . There is evidence provided that the frequency of the emission is related to the mains frequency by the factor of two, as the emission always occurs at twice the frequency of the voltage even if this latter frequency is changed [15] . As the predominant type of corona discharges is changed to glow discharges, adding of metallic protrusions on conductors results in a decrease of the A-weighted overall noise level; however, 2f -levels remain unreduced [3, 14, 15] . Therefore, the 2f -emission seems to be connected to the occurrence of ac-corona, while it is independent of the occurrence of the type of corona discharges responsible for the hissing and crackling noise component. The connection of ac-corona and 2f -emission is further backed by the strong correlation between corona loss and 2f -sound levels [16] .
The scant literature [17] [18] [19] [20] [21] [22] [23] suggesting mechanisms of this 2f -emission is either vague or controversial. The references [21] [22] [23] in passing present an idea of the mechanism of the 2f -emission whereby the transfer of momentum of the ions around the conductor is said to be responsible for this emission. This idea intrinsically supports the connection of the emission to corona discharges. This correlation is also accepted by Trinh [17] , who suggests the modulation of the acoustic pulses, i.e. the crackling noise, originating from the pulse-shaped discharges to be responsible for the 2f -emission. However, this contradicts the observation mentioned above, with 2f -emission being independent of the occurrence of pulse-shaped discharges [3, 14, 15] . Further, in [17] a modulation of energy pulses, i.e. the square of the sound pressure, instead of the sound pressure itself is considered [24] .
No connections of the 2f -emission and the corona discharges are claimed in [18, 19] , where the origin of the emission is proposed to lie in the drops sessile on the conductors, oscillating due to the electrostatic force, hence acting as acoustic membranes. Calculation of the contribution of such oscillating drops reveals, however, that the resulting 2f -levels are too low to explain the actual 2f -levels of the emission [24] .
Therefore, oscillating drops acting as acoustic membranes or the modulation of pulses forming a harmonic contribution at the frequency in question may be excluded as relevant sources of the 2f -emission. But as corona seems to be linked to the 2f -emission and as the ionization itself responsible for the crackling noise is not the source of the tonal component, the focus in this work is directed on the effects of the ions after the ionization took place, thus following the idea of [21] [22] [23] . Due to collisions with gas molecules, the drifting ions cause in the sum a rise of heat h in and a force f applying on the neutral gas. These quantities are the base of the function principle of ion loudspeakers [25] . With the latter, the mechanism of the 2f -emission seems to share a common origin.
In the first part of this work the focus lies on how the drifting ions are connected to the mentioned quantities heat h and force f and how these quantities are confined spatially in the neutral gas. Then, solutions of the wave equation are presented and the resulting 2f -levels are compared with measured ones. The author of this work here proposed the heat-induced 2f -emission earlier [26] , which was completed by the force-induced mechanism in the dissertation [24] .
General considerations connected to ion drift
The formation of acoustic waves evoked by sources constituted of physical quantities such as heat h and force f in the case of the ion loudspeaker is described by the corresponding wave equation. In linear acoustics the dynamic physical quantities, i.e. the particle velocity v, the acoustic pressure p and the deviance in the fluid density ρ constitute only small ionization zone drift zone Figure 1 . Schematic sketches of the corona discharges of a Trichel or glow discharge (left) and an onset streamer respectively (right).
perturbations from the steady state. Therefore, the governing equations, i.e. the Euler equation, the continuity equation and the equation of state, are linearized in these perturbations. Using this linearized equations, the wave equation
containing 'heat' and 'force' source terms h and f (all per unit volume) can easily be derived [27, 28] , c, γ and ρ o being the speed of sound, the adiabatic exponent and the density of the fluid in steady state, respectively. In this section, the connection of the drifting ions to these source terms in (1) is investigated.
Location and impact of the drifting ions
With the occurrence of a corona discharge one usually distinguishes two regions, the relatively small spot where ionization takes place, i.e. the ionization zone, and the much larger drift zone, where the ions produced in the ionizationzone drift along the electrical field lines (figure 1). Depending on curvature and size of the protrusion, the ionization zone is restricted to a spot in the range of millimetres or less. In the case of Trichel-and glow discharges this spot is at the protrusion, which is the region of the highest field strength. The positive onset streamer is space charge dominated by the positive ions in the streamer head, where the region of excessive electrical field strength and ionization is therefore situated on this account.
The ions thus produced in the corona discharge drift with the velocity v in the electrical field E according to the often used relation
where µ is the mobility of the ions. In terms of the ion momentum conservation equation, (2) holds for stationary flows with insignificant pressure gradients. Out of the ionization zone, where the electrons are instantly attached to oxygen molecules, the mobility of the remaining ions is typically in the range (1. 5-1.8 [29] . Due to this drift, the ions form the diffuse limited drift zone.
With relation (2) an estimation of the distance up to which ions can depart from the conductor during a half-wave is possible. This is considerably simplified by assuming a cylindrical symmetry of the conductor and electrical field and by neglecting the electric field of the space charge. Then the derivative after the time of the radial displacement r of the investigated ion according to (2) is given by
whereÊ o is the amplitude of the electric field strength on the surface of the conductor with the radius r L . Integrating equation (3) results in
if the ion movement sets in at the time t o . Maximum drift distances are obtained, if the ion movement starts at the beginning of the half-wave. For a smooth tube with the diameter of 31.9 mm (corresponding to a conductor with a standard cross-sectional area of 600 mm 2 ) and a field strength ofÊ o = 25 kV cm −1 at the surface of the tube, a mobility of µ = 1.
and a mains frequency of 50 Hz, (4) results in a maximum displacement from the conductor of 28 cm after the half-wave. The thereby enclosed hollow cylinder is referred to as the conductor environment in the future.
In the drift zone, the collisions of the ions with neutrals result in two effects. On the one hand, the fraction of undirected movement increases, which results in an increase of heat. On the other hand, the directed energy increases, i.e. a so-called ion wind sets in; macroscopically this implies a force acting on the gas. An ion of charge q in an electric field E is subject to a force qE, and at a speed v, it consumes a power q(v · E). Because of scattering with particles, the speed of the ions changes constantly. But in terms of the average movement of the drift, according to (2) the ion consumes the power µqE 2 in the average. In this term the power and force are passed over to the gas by collisions.
Because of the diffusion and the back-coupling of the ion drift by the space charge, one would expect to have the ions drifting further than the conductor environment. Further, in the case of onset streamers, ions are produced farther from the conductor (figure 1). However, this has only a limited impact on the maximum drift distances, as the electrical field strength and therefore the drift velocity decreases reciprocally with the distance from the conductor. This circumstance becomes evident when taking into account that the ion in the above example is already 20 cm away from the conductor after the first half of the half-wave-in the second half of the half-wave this value increases only by about the remaining 8 cm.
Nevertheless, the ions could be distributed very far around the conductors. For the calculation of the emission by the drifting ions, not only are the strengths of the sources relevant but also their spatial distribution. But it can be shown by simple model calculations that only the ions in the vicinity of the conductors, the conductor environment, contribute relevantly to the 'force' and 'heat' source terms [24] . The reason for this is the decrease in the electric field with the distance to the conductor.
Energy conversion of the drifting ions into the gas
A priori, it is unclear to what form of energy the power µqE 2 transferred from the ions to the gas is converted. Following a derivation from Sigmond [30] it can be easily shown that macroscopically this power results mainly in a rise of heat rather than a rise of kinetic energy.
For simplicity the presence of only one ion species with the density n i , the charge q and the mobility µ is assumed. According to the considerations of the section above, the average drag force density acting on the neutral gas is therefore
The directed motion of the gas (ion wind) v g is assumed to be parallel to the electric field. Hence the power density k with which the kinetic energy density of directed motion e d of the gas increases is
The whole amount of power density p gained by the ions through the electrical field and hence transferred to the gas is given by
Thereby, the ratio between the power increasing the kinetic energy of directed gas motion and the whole power transferred to the gas is
Measured ion wind velocities of dc corona, typically amounting to velocities of several m s −1 [31] , may by considered as upper limits for the case of ac-corona, as the presence of ions of both polarities and the alternating field reduce the ion wind velocities. In the conductor environment the amplitude of µ · E is typically in the range 15-300 m s −1 , hence considerably larger than the velocity of the ion wind. Therefore, the fraction of energy converted into kinetic energy is marginal compared with the increase of heat.
The situation in the ionization zone is not that clear. But as the ionization zone is small compared with the drift zone, it is neglected. In good approximation the amount of power converted in connection with corona, i.e. the corona loss, is transferred completely to a rise of heat of the gas.
Relevant component of the corona current.
Both quantities, force and heat, enter the wave equation linearly (1). Thus, with the focus on the 2f -emission, the harmonic components at 2f of these quantities is of relevance.
The power at twice the mains frequency itself is contained in the corona current. If the voltage is assumed to be sinusoidal u(t) =û e cos(ω el t) +û o sin(ω el t) (9) and the (harmonic) corona current is expanded in the series then the 2f -component of the momentary corona power iŝ
Therefore, the interesting components of the corona current are the first and third harmonics.
Effect of the drifting ions relating to the force
The total force acting on the gas by the ion drift around a conductor is given by the summation of all forces of the single ions ( figure 2) . Considering a multitude of such ions, one would expect that summing the contributions together, they would cancel each other out. But this is not necessarily so, if the types of ions are not distributed equally over time or space:
• The type of charge injected in the drift zone by corona discharges changes between positive and negative halfcycle. Thereby, the unbalance of net charge changes every half-cycle [32] .
• The forces originating from two isochronous discharges situated in an antipodal way on the surface of the conductor cancel each other out though.
But an asymmetric concentration of the discharges with respect to the surface of the conductor leads to a resulting force capable of producing 2f -emissions. On wet conductor bundles this is normally the case, as large drops are formed more on the underside of the conductors. For laboratory investigations, this asymmetry can be perfected by choosing a conductor with protrusions mounted only on one side, as is adopted in section 4. Then the resulting force is expected to be the most intense.
Quantification of the 2f-emission
If the source terms are known, (1) is solved by integrals; in three dimensions this is Kirchhoff's formula [33] , which
with q as general expression of the source term, i.e. the righthand side of (1). Due to the confinement of the relevant ion concentration onto the conductor environment, the spatial dimension d of the source perpendicular to the conductor is small compared with the wavelength λ of the 2f -emission. Therefore for every conductor bundle d λ is valid. A high voltage overhead line corresponds in good approximation to a two-dimensional arrangement. In this approximation a single conductor bundle forms a line source with a two-dimensional sound field. However, as for the experiments in the laboratory this translational symmetry is not valid, the description of the three-dimensional sound field is used here. The following investigations are restricted to this latter case. The two-dimensional case would need the corresponding integral-solution of the wave equation, i.e. the formula of Poisson, but for simplicity this disquisition is omitted here by referring to [24] .
In the following the angular frequency ω stands for twice the angular mains frequency ω el .
Determination of the sources' terms in the wave equation
For distances from the source r = |x| d and λ d, multipole expansion may be adopted. The Taylor expansion of the source in Kirchhoff's formula (12) results in
wherex = x/r. In the case of the 'heat' source term of the wave equation (1), the rate of change of the heat density can be expressed as the monopole moment
wherep el 2f is the amplitude of the power at twice the mains frequency, by which the heat in the gas is changed. For the 'force' source term in the wave equation (1), the divergence complicates matters. According to Gauss's theorem the first term of this expansion (13) is zero-therefore the 'force' source term does not possess a monopole moment. Without loss of generality the force is assumed to be parallel to the y-axis and to attack in the origin. Then together with the Heaviside step function (y), the force can be written spatially concentrated as the dipole
whereF 2f is the amplitude of the force which affects the gas at twice the mains frequency, i.e. the 2f -component of the force F (t) sketched in figure 2.
Solutions of the wave equation
Insertion of the 'heat' source (14) in (13) leads to the solution
In this case of a monopole, no additional term for the near field exists. This is different if one inserts the 'force' source (15) in (13) , which results in
with a term for the near as well for the far field. As dipole the sound field features a directional characteristic of cos(θ ), where the angle θ is being enclosed by the vector between source and place of the calculated sound pressure and the vector e y . The rms value of the total sound pressure of both sources results by combining (17) and (16) in
where the phase δ = δ f − δ h originates from the circumstance that both sources are not expected to be in phase. For the calculation of the total sound pressure one therefore needs knowledge ofF 2f ,p el 2f and δ.
Comparison of measured and calculated sound levels

Measurement setup
Situations investigated.
For two conductor specimens the calculated sound levels are compared with the measured ones:
• On a smooth aluminium tube with a diameter of 20 mm, 20 conical protrusions [32] are mounted in equal spaces of 4 cm on a line along the tube, thus covering the conductor over a length of 76 cm.
• The double bundle consists of Aldrey 600 conductors (AAAC-conductor with 600 mm 2 cross section) with 400 mm conductor spacing. The length of the conductor bundle is 10 m, whereof 6 m are wetted by an artificial rain. The rain is produced according to the ideas of Regmi and Thompson [34] , which should provide relatively realistic rain-regarding intensity, drop size and drop speed. The rain rate chosen for the experiments is 3.8 mm h overhead line equipped with the same conductor bundle when energized with 420 kV. The conductor with conical protrusion is energized with 120 kV, which would result in a surface field strength of 32.5 kV cm −1 in the case of unmounted protrusions.
Voltage and current measurements.
Voltage and current are measured at the connection between testing transformer and conductor specimen on the high potential side. For this purpose, a laptop equipped with a PC-based oscilloscope is placed on top of a capacitor (usually used as coupling capacitor for the partial discharge measurement circuit). In the experiment, this coupling capacitor is used as high-voltage capacitor of the capacitor voltage divider. The low-voltage capacitor of the divider is placed on the coupling capacitor (high potential side) and connected to the oscilloscope for the voltage measurement. The current is measured as voltage drop over a 150 resistor mounted in series with the connection to the conductor specimen. Both signals are assessed by the PC oscilloscope and downloaded from the laptop by logging on to the laptop by remote desktop connection via WLAN. The corona current can be determined by the current measurement in good approximation. One difficulty of the experimental determination of the desired component of the corona current arises through the superposition of this current with the capacitive current to the dielectric current. An example of a measurement of the dielectric current can be seen in figure 3 for the Aldrey 600 double bundle specimen in the test setup described above.
However, the distorted shape of the dielectric current in figure 3 attracts attention. This distortion arises through harmonics of the in fact fairly sinusoidal voltage, which, because of the capacitive load, manifests itself especially in the current.
The determination of the corona current out of the dielectric current is therefore only possible by a comparative measurement on the dry conductor. Indeed the corona discharges alter also the capacitance of the setup, as in the equivalent circuit diagram a part of the capacitances in series between conductor and earth is bypassed by the drifting ions. Therefore the capacitive current differs from the one in dry conditions, but this difference is of minor magnitude compared with the corona current; hence this effect can be neglected. Thus, the corona current is given in good approximation by the difference of the dielectric currents of the wet and dry conductor.
As mentioned, the voltage itself is fairly sinusoidal; hence, it can be adopted as a purely harmonic function with the mains frequency f for the calculation of the relevant 2f -component of the momentary power according to (11) , see figure 3.
4.1.3.
Acoustic measurements.
For the acoustic measurement a class 1 (according with IEC-standards) sound level meter is used. To protect the microphone from the electric field and the artificial rain, it is placed in a tube at the sonically hard terminated end. The tube itself is placed on the laboratory floor, midway along the conductor, in a rectangular position to the conductor axis [24] . For simplicity, the position of the tube opening will be identified with the microphone position in the following.
Because of the acoustic characteristics of the high voltage laboratory and the tube, the measured sound levels are not absolute. By means of a calibrating measurement, the measured sound pressure levels may be converted to free-field levels, or the calculated free-field levels may be converted to 'laboratory levels'.
For this calibration a loudspeaker emitting a pure 100 Hz tone is used. The sound level of this tone is measured outdoors on open ground (i.e. the roof of the high-voltage laboratory). As the microphone is used as a boundary microphone by placing it on the ground, the acoustic power of this source is known and the loudspeaker may be used as a calibrator [24] :
• In the case of the conductor specimen with conical protrusions, the acoustic measurement in the laboratory is calibrated by measuring the sound level of the calibration loudspeaker installed at the middle of the conductor specimen. Thus, the conversion of free-field levels into 'laboratory levels' is known.
• In the case of the conductor bundle specimen, a further problem arises: with a length of 6 m wetted by rain, a reduction of the source to a point is not possible. Therefore, the calibration measurement is performed by installing the calibrator loudspeaker consecutively every 0.25 m along the wetted 6 m of the conductor bundle. The measured sound levels are added according to their delay due to the different distance to the microphone. Thus the conversion of levels measured in the laboratory to the free-field levels of a 0.25 m short section of the conductor bundle is directly given.
Quantification of the sources
The quantification of the sources is performed by a simulation of the coronating conductors presented in [32] . The sources resulting from this simulation are listed in table 1. In the case of the conical protrusions, the measured 2f -power of 30 VA coincides fairly well with the simulated one of 24 VA m −1 . But it must be pointed out here that the simulation accounts for only two dimensions, i.e. infinitely long conductors. It is not clear to what extent the ends of the corona active zone, i.e. the length of mounted conical protrusion (76 cm), are exceeded by the ion drift. In table 1, the corona-active length of the conductor is assumed to extend to 1 m.
Error estimations
The error due to variations of the sound power emitted by the loudspeaker used as calibrator is smaller than 1 dB. The additional error due to the extended calibration procedure in the case of the double conductor bundle is estimated to amount to 1 dB.
Further, the relative error of the quantification of the sources by the simulation [32] is suspected to amount to (+25%, −20%) of the combined sources, resulting in an error of ±2 dB in terms of the sound levels. Therefore, the resulting error of calibration and simulation of the sources amounts to 2.2 dB and 2.4 dB in the case of the conductor with conical protrusion and the double bundle, respectively. As the calculation results will be converted to 'laboratory levels' in the case of the double bundle conductor, these errors apply to the calculated levels.
Considering the background noise, an error of the measured level is possible by negative or positive interference of the 100 Hz-immission to be measured and the background noise. This error is assessed by calculating the maximal possible interferences with the background levels.
Conductor with conical protrusions
The orientation of the protrusion with respect to the microphone fixed on the floor is gradually changed by turning the conductor by about 10
• (see right part of figure 4) . Because of the coaxially arranged grounded electrode (corona cage), the corona activity does not change, while the angle θ of the direction of the protrusions varies. The measured levels do change then, however, because of the direction characteristic of the force-induced 2f -emission as can be seen in figure 4 .
The measured sound levels of figure 4 are fitted by the method of least squares with function (18) . The thereby obtained, fitted values arep el 2f = 41.7 VA,F 2f = 0.14 N and δ = 24.6
• (compare with table 1). The calculated levels are determined by the simulated values from table 1 and equation (18) .
As mentioned above, the error of transforming between free-field levels and 'laboratory levels' is ±2.2 dB. In addition, the lower levels of the measurement are subject to a considerable error by positive and negative interferences with the background noise, while in the case of the larger levels this error is minor: in the case of the largest levels of about 20 dB above background, this error is lower than ±1 dB; in the case of the levels in the range of 10 dB, the error amounts to (+2.4 dB, −3.3 dB), while for the lowest measured value (2.8 dB) it is (+4.7 dB, −11.2 dB). Therefore, these lower levels are of limited significance. Measured, fitted and calculated levels are in relatively good agreement; the deviation of calculated and fitted levels is quite low, except in the range of θ ≈ ±90
• . There, the values are lowest and error of the measurement is considerable.
Of special interest are the relative contributions from 'heat' and 'force' to the 2f -emission. These are given for example by the fit parameters. At a distance of 1.55 m the heat-induced 2f -emission accounts for 44.1 dB while the corresponding force-induced level is 54.1 dB in boresight (θ = 180
• ), neglecting the near field. Apparently, the forceinduced contribution is considerably stronger than that by heat (that is the reason why the relatively large differences between fitted and simulated 2f -powers have hardly any effect on the sound levels). But it must be considered that the forceinduced 2f -emission features a weaker sound field away from the boresight and, as expected, is further reduced in the case of protrusions which are not mounted on a line along the conductor.
Double bundle conductor
The calculated levels are again determined by introducing the simulated values from table 1 in (18) and then converted to the 'laboratory levels' according to the calibration measurement mentioned above. The resulting levels are depicted together with the measured 100 Hz levels in figure 5 .
The dependence of the levels on the distance depicted in figure 5 stems from different microphone positions perpendicular to the conductor axis. The starting position, i.e. shortest distance, is on the floor directly under the middle of the bundle, from which the microphone is horizontally pulled away from the conductor in gradual steps of 25 cm. Thereby not only is the distance to the conductor bundle changed, but also the angle to the directional characteristic of the forceinduced 2f -emission. The calculated sound level in some parts coincides reasonably well with the measured levels. For the varying difference between measurement and calculation relative to distance, faults in the calibration measurement may by responsible.
For the farther distances, the angle of the microphone is increasingly horizontal to the line, and the heat-induced 2f -emission gains weight, while directly under the bundle, the force-induced emission is dominant.
Conclusions
The fairly good agreement between measured and calculated levels together with the theoretical considerations bears out the suggested mechanism of 2f -emission. According to that, the tonal emission originates from the drift of the ions when the discharge has already passed, by passing 'force' and 'heat' to the surrounding gas. Depending on the asymmetry of the protrusions and the angle of the receiver to them, the 'heat'-or 'force'-induced 2f -emission might prevail. But it seems that in most cases the force-induced mechanism will preponderate.
As the 2f -relevant component of the corona current consists mainly of the first in-phase component of the current, the 'heat' source term and thereby the sound pressure provoked by it is in good approximation proportional to the corona loss. This agrees with findings reported in the literature [16] .
The simulation together with this description of the mechanism of the 2f -emission provides a tool to quantify the 2f -levels. Such a tool might be useful to evaluate countermeasures to reduce the tonal emission from high voltage overhead lines.
